The effects of mixed metal oxides (Ce x Zr 12x O 2 ) nanoparticle dispersion on the mechanical properties and fracture mechanisms of epoxy polymer matrix and its composite with glass fiber system are reported in this paper. Ce x Zr 12x O 2 nanoparticles are synthesized using sol-gel method, and its crystallinity is optimized. Epoxy nanocomposites are synthesized by a dispersion technique, and the compressive properties are optimized. The glass transition temperature has been improved. Epoxy with 5 wt.% of Ce 0.75 Zr 0.25 O 2 shows optimal results with an increase of 17.4% in compressive modulus, and an increase of 23.4% in compressive strength with respect to those of neat epoxy. This improvement attributes to higher strength of shearing of polymer during the fracture of the nanoparticle interface. Micro-crack kinks at the interfaces can further delay fracture under compression. E-glass fabric-reinforced 5 wt.% Ce 0.75 Zr 0.25 O 2 -epoxy nanocomposite also shows improvement in the mechanical properties via nanoscale interface with fibers. This type of ceramic nanocomposites has useful applications in thermal/electrical insulations besides improving the compressive/buckling properties.
Introduction
Epoxy matrix-based structural components provide excellent mechanical, thermal, and electrical properties. Moreover, the epoxy resins are well-established thermosetting matrices for advanced composites for high stiffness, specific strength, dimensional stability, chemical resistance, and the ease of processing along with strong adhesion to the bonded/embedded reinforcement ( Ref 1) . The incorporation of inorganic fillers to polymer for improving the performance of the final product has long been an essential industrial activity (Ref 2) . Microscale filler particulates have been extensively used in epoxy composites (Ref 3) . The resultant composites had enhanced stiffness, strength, and toughness individually or together via various microscale mechanisms. However, the micro-fillers may reduce other important properties, such as the impact resistance, and cause an adverse effect on the processability of the required final material. The nanoparticle-reinforced composite has much higher number of particles per unit area in comparison with the micron-sized particle composite, which causes a small crack propagating through the material, and hence the energy consumption for crack propagation increases, and hence improves the impact resistance of the nanocomposite (Ref 4, 5) .
One possible solution for the above problem is to use smaller fillers with dimensions in the range of nanometer scale. The advantages of small fillers are that they can be homogeneously distributed within the polymer by various techniques, thereby paving way for an efficient reinforcement effect with enhanced ductility and impact strength and improving the wear resistance and reducing the residual stresses (Ref 6) . Suitable nanoparticles can produce good wettability with the thermoset polymer and fill in the small gaps between the crosslinked polymer chains, providing high resistance to deformations under stress. Nanoparticle reinforcements can reduce the thermal expansion coefficient and increase thermal and wear resistance of the host matrix. This is due to the material interfaces that are enhanced by the synergetic effect between the micro-reinforcement and the nanostructure, creating better interfaces and henceforth resulting in interesting improvements in the thermal and mechanical properties . On the other hand, previous works have indicated that as a class of porous materials can greatly improve the tribological and mechanical properties of an epoxy matrix composite and to achieve a self-lubricating material (Ref 10, 11) .
Mixed metal oxides are known for their high thermal stability and resistance to sintering (Ref 12 In CeO 2 , the replacement of Ce ions by cations of a different size modifies the ion mobility and the lattice structure, resulting in the formation of a defective fluorite structure. Such modifications in the defect structure are able to impart improved properties to the materials, such as better resistance to sintering at elevated temperatures, better thermal and mechanical properties (Ref 18, 19) . Recently, some ceramic nanoparticles such as SiC, Al 2 O 3 , SiO 2 , WO 3 , CeO 2 , and ZrO 2 have already been used to reinforce polymer matrix . All of them have demonstrated their ability to enhance the mechanical behavior of epoxy matrix and in some cases to improve their toughness. The superior properties of metal oxides such as hardness, compressive strength, thermal resistance, and wear resistance make them suitable for their application as reinforcement material in polymer matrices (Ref [25] [26] [27] . Mixed metal oxide nanoparticles due to phase stability, thermal stability, and high surface area-to-volume ratio have increased interfacial interaction between nano-reinforcement and host polymer matrix; thus, better adhesion between resin and filler is achieved. Researchers have used several techniques for dispersing nanoparticles by mechanical agitations, such as ball milling or magnetic stirring, ultrasonic vibration, shear mixing, noncontact mixing, and the use of dispersing agent (Ref 28) . In the present investigation, we used shear mixer followed by sonication to prepare all the specimens.
Glass fiber-reinforced polymer (GFRP) composites due to their high specific strength, stiffness, corrosion resistance, and good dielectric properties have become attractive materials in aerospace, automobile industries, marine, armor, microelectronic packaging, electronic circuit board, and civil engineering structures (Ref [29] [30] [31] [32] [33] . Hence, the use of mixed metal oxide nanoparticles in GFRP composite is a potential way to enhance its thermal, electrical, radiation shielding, and mechanical properties to a large extent.
However, till date, no studies have reported the mechanical performance of mixed metal oxides-incorporated epoxy composite and glass fiber system. In the present research, we report the effect of mixed metal oxides on the mechanical behavior of epoxy nanocomposites with variation in Ce x Zr 1Àx O 2 concentrations. Further, we have investigated the effect of an optimally synthesized Ce 0.75 Zr 0.25 O 2 system on the property improvement of E-glass fabric-reinforced laminates.
Materials and Methods

Mixed Metal Oxide Nanoparticle Optimization
The Ce x Zr 1Àx O 2 solid solution powders were prepared using sol-gel method. The solid solution was then dried at 100°C for 6 h. The dried materials were later milled into fine powders and were calcined at three different temperatures, viz. at 500, 700, and 900°C, for 8 h to study their crystallinity. Cerium(III) nitrate hexahydrate (Aldrich, USA) and zirconium(IV) oxynitrate hydrate (Aldrich, USA) were used as sources of Ce and Zr, respectively. Ammonium hydroxide (Merck, India) was used as the precipitating agent.
The phases of Ce x Zr 1Àx O 2 nanoparticles were analyzed using powder x-ray diffraction (XRD, PANalyticalXÕPERT PRO). The morphology, fracture surface, and interfacial bonding with matrix and E-glass fabric of the tested composites discussed in the later section are observed using FESEM (Ultra 55, Carl Zeiss, GEMINI).
Figure 1(a) shows the XRD patterns of Ce x Zr 1Àx O 2 powders calcined at 700°C for 8 h at various positions along x direction. It can be observed that the diffraction peaks were shifted to lower angle with increasing Ce content up to x = 0.75 and no peak shift was observed with Ce content higher than x = 0.75. As compared to the XRD pattern of CeO 2 alone, the XRD peaks observed for Ce x Zr 1Àx O 2 solid solutions become broader, indicating a distortion of the cubic phase of the fluorite structure to a tetragonal one due to the incorporation of ZrO 2 into CeO 2 . Figure 1 
Optimization of Nanoparticle Dispersion in Epoxy Matrix
Commercially available epoxy phenol novolac resin, Araldite LY 5052 (Huntsman Advanced Materials, India), has been used as matrix for the nanoparticle reinforcement. Aradur 5052 CH (India) was used as curing agent for Araldite LY 5052.
The optimized Ce 0.75 Zr 0.25 O 2 nanoparticles were added to epoxy resin in an optimal manner (wt.% varying from 0 to 10). The solution was obtained using shear mixer followed by sonication for 15 min. Hardener (38% by weight of epoxy) was then added and mixed to cure the resin. The obtained mixtures were poured into cylinder-shaped molds having dimensions of 12 9 6 mm 2 and were allowed to cure at room temperature for 24 h with continuous spinning to develop uniform dispersion and avoid any settling of the nanoparticles. It was then cured at 50°C for 15 h and subjected to vacuum for 24 h to remove trapped air bubbles. The schematic of the fabrication process is shown in Fig. 2 .
The compressive mechanical and thermal properties of the composites were determined using universal testing machine (UTM, Makron-Biss) and Dynamical Mechanical Analyzer (DMA, MetraVib). Burnout testing was performed in a muffle furnace. Specimens as well as crucibles were initially cleaned using acetone and dried in the vacuum for a day to eliminate any moisture/impurities. Specimens were then placed in the weighed crucible, and the weight was recorded along with the crucible. The specimens were then heated at different temperatures (25-350°C) with a half-hour holding at constant temperature till the specimens were charred. The weight difference at each temperature was recorded. All the compression tests were carried out in accordance with ASTM 695, and the specimen dimensions were kept as 12 9 6 cm 2 for the test. For all the specimens the dimensional tolerance was ensured by polishing the sample within 2-lm variation to avoid generation of stresses at the sample edges.
Dispersion of Nanoparticle-Epoxy Matrix in Glass Fabric
The optimized nanocomposite matrices (5 wt.% Ce 0.75 Zr 0.25 O 2 ) were infused into the unidirectional [0 0 ] 5 GFRP laminates by hand lay-up technique as shown in Fig. 3 . The specimens are cured in the vacuum at room temperature for 24 h. Tensile specimens are thereafter laser-cut and polished to the desired dimensions. In order to achieve better performance, the composites were then post-cured at 50°C for 15 h and subjected to vacuum for 24 h, as discussed in the previous section. Unidirectional E-glass fabric with fiber size of 9 lm, yarn size of 66 TEX, fabric thickness of 0.3 mm and GSM of 260 is used as the fiber reinforcement phase. 
Results and Discussion
Effect of Nanoparticle Structure and Properties on Nanocomposite Matrix
Enhancements of the mechanical properties of the epoxy due to the mixed metal oxides were studied systematically. Fig. 4(d) and (e), where the average size is 1 lm, 100 and 20 nm, respectively. It can be seen that the particle size effect clearly enhanced the compressive stress-strain behavior of the epoxy-Ce 0.75 Zr 0.25 O 2 nanocomposite. The addition of nanoparticles into epoxy polymer increases the strength due to higher surface area, which can promote stress transfer from matrix to nanoparticles.
In contrast, the presence of microparticles, the reduction in strength, and failure strain demonstrated that the load transfer between matrix and microparticles is insufficient and the interface is weak (Fig. 4d) . This suggests that smaller particles introduce additional mechanisms of energy absorption during compression.
Dispersion of nanoparticles in polymers is a crucial factor in determining the final properties of the nanocomposites. In this study, we have followed (section 2.2) different approaches to achieve very good particle distribution at the nanoscale. (Fig. 1b) dispersed in epoxy with varying wt.%. It can be seen that the proposed fabrication steps produced excellent particle dispersion at 5 wt.% in the matrix system (Fig. 5d) . There is no agglomeration of nanoparticles for 5 wt.%, although at the highest concentration of Ce 0.75 Zr 0.25 O 2 nanoparticles a small degree of agglomeration is observed. This is because the presence of more van der Waals forces between the nanoparticles would limit its dispersion (Fig. 5e) . This is subsequently used as an optimal concentration for dispersion in the epoxyceramic-GFRP system.
The effect of nano-Ce 0.75 Zr 0.25 O 2 on the compressive stress-strain response of the epoxy polymer is illustrated in Fig. 6(a) Table 1 . An increase in the compressive strength with an increase in the concentration of up to 5 wt.% is a result of high strength and hardening behavior of Ce 0.75 Zr 0.25 O 2 nanoparticles dispersed uniformly in the resin with very high interfacial area between matrix and nanoparticles, thus enhancing the resistance to interfacial fracture. The presence of 5 wt.% of Ce 0.75 Zr 0.25 O 2 improved ductility and promoted higher plastic hardening behavior after yielding. The property enhancement is due to homogeneous dispersion nanoparticles in the matrix as shown in Fig. 5(d)  (Ref 34) . The compressive strength and modulus decreased upon increasing the 5 wt.% (Table 1 ). This decrease can be due to the agglomeration of nanoparticles, thus reducing the interfacial area for stress transfer from matrix. Regions around the agglomerated nanoparticles develop thermal stresses during curing cycle due to the mismatch of thermal expansion coefficient between epoxy matrix and Ce 0.75 Zr 0.25 O 2 aggregate.
Other than that, agglomerates in the matrix cause a propagation crack and induce the initiation of the final failure. Therefore, the particle dispersion optimization conditions and size of the particles are playing role for mechanical property improvements.
To understand the mechanical behavior of the epoxyCe x Zr 1Àx O 2 nanocomposites, compression tests were carried out for all samples along the various positions along x direction. It is observed from Fig. 7 that the compressive strength of the Ce 0.75 Zr 0.25 O 2 nanoparticle epoxy system is higher than that of all other samples. This confirms the higher stiffness and all other mechanical characterization of that composition in correlation with the phases shown in the XRD patterns in Fig. 1 . This is because ceria-stabilized zirconia has higher fracture toughness and high thermal stability (Ref 17 Table 2 ). Compressive strength of pure ZrO 2 sample was 188.4 MPa which increased to a 227.5 MPa for Ce 0.75 Zr 0.25 O 2 sample. An increase in Ce concentration up to pure (CeO 2 ) caused a decrease in compressive strength, and the trend is shown in Fig. 7 .
In order to study the fracture mechanism of mixed metal oxide nanoparticles in the epoxy, a controlled fracture tough- ness test was performed using a compression bilayer cylindrical specimen as shown in Fig. 8(a) . The cylindrical specimen under compression has an outer layer of pure epoxy and the nanocomposite in the inner core. Under compression, the crack opens due to hoop stress and the crack enters from the outer layer to the inner layer. Fracture surfaces were observed using FESEM to examine the fractured surface morphology. Figure 8(b) shows the FESEM image of the crack tip area. As shown in Fig. 8(b, A) , the fracture surface of neat epoxy is featureless with a smooth surface, consistent with its typical brittle fracture behavior. The characteristic brittleness and low fracture toughness of cured epoxy are the result of high crosslink density of cured epoxy, which causes low absorption of energy during fracture. With the addition of Ce 0.75 Zr 0.25 O 2 nanoparticles, the fracture surface shows more irregular, coarse and multi-plane surface features as seen in Fig. 8(b, B) , consistent with higher fracture toughness of nanocomposites compared to neat polymer matrix. As shown in Fig. 8(c) , the increase in crack kinking around the nanoparticle can be clearly observed from surface of the nanocomposite, which is a possible reason for the increase in the fracture toughness along the bilayer cylindrical surface. Also we can see the internal crack regions in higher-magnification images, which show the debonding process during fracture due to nano-sized particles. However, debonding is important because this reduces the restriction at the crack tip and hence allows the matrix to deform plastically via a void growth mechanism. Figure 8(b, B) shows the evidence of voids around the nanoparticles debond during fracture, which we cannot observe in pure epoxy shown in Fig. 8(b, A) . This is expected to be a combined effect of nanocomposite geometry for crack kinking, void growth mechanism. Also due to inhibitory effect of the nanoparticle in the matrix cross-linking and presence of oxide to the polymer cross-linking showed in Energy Dispersive Spectroscopy (EDS) mapping.
The burnout test results reported in Fig. 9 (a) clearly suggest the minimum oxidation of 10 wt.% in Ce x Zr 1Àx O 2 -epoxy composite due to high vapor pressure of ceria. A significant degradation occurred between 300 and 325°C. This is due to oxidation reactions involving aliphatic bridges that bonded the aromatic rings of the matrix and breaking of bonds between rings and aliphatic bridges/phenolic hydroxyl groups. The elastic modulus and loss factor versus temperature for the cured pure epoxy and epoxy nanocomposite filled with 5 wt.% Ce 0.75 Zr 0.25 O 2 are shown in Fig. 9(b) . It shows the elastic modulus of epoxy-5 wt.% Ce 0.75 Zr 0.25 O 2 composite which is little higher than pure epoxy. Figure 9 (b) shows a slight increase in the glass transition temperature T g of the epoxy-5 wt.% Ce 0.75 Zr 0.25 O 2 composite compared to that of pure epoxy. The glass transition temperature of cured pure epoxy and epoxy with nanocomposite reinforced with Ce 0.75 Zr 0.25 O 2 nanoparticle loading of 5 wt.% is 127.8°C, which is 4.1°C higher than that of cured epoxy (123.7°C). Increased T g is associated with the increased cross-linking degree of the materials, which means Ce 0.75 Zr 0.25 O 2 nanoparticle could restrict the mobility of the polymer chain and promote the curing process (Ref 35, 36 ).
Effect of Nanocomposite Matrix in GFRP Laminate
From last few decades, the development of polymer nanocomposites such as epoxy nanocomposites delivers new opportunities to explore new fracture behavior and multifunctionality beyond those found in conventional FRP composites. The mechanisms for increasing their modulus of elasticity, tensile strength, ductility, and fracture toughness of polymers via incorporation of micro-/nano-sized particles have been extensively studied (Ref 37). In addition, most studies attributed the role of the enormous surface area of nanofillers; however, most of polymer nanocomposites exhibited partly agglomerated dispersion of nanofillers, and few systems could achieve full dispersion. Here we intended to characterize the fiber-reinforced composite with a matrix modified with uniformly dispersed mixed metal oxide nanoparticles to improve mechanical properties, particulary interfacial bonding between fiber and matrix. It is observed that for the 5 wt.% Ce 0.75 Zr 0.25 O 2 nanoparticles in the epoxy matrix, the tensile modulus and strength of the epoxy composite improved slightly (Fig. 10) . This may be due to the strong interface between metal oxide and matrix to fiber. To further understand the enhancing mechanism, the failure surfaces of the samples were examined using SEM. Figure 11 shows the morphology of the tensile-fractured GFRP matrix composite with 5 wt.% Ce 0.75 Zr 0.25 O 2 . It is evident from Fig. 11(a) that the layers of polymer and glass fibers staked one over another formed good bonding. It is clear that glass fibers are well embedded in epoxy, which improves the mechanical properties of the composites with usual fracture initiated from matrix cracking. In optimized 5 wt.% of the Ce 0.75 Zr 0.25 O 2 nanoparticles interfaces which are formed inside the composite and are close to fibers are shown in Fig. 11(b) . No or very little micro-cracks are observed with a small amount of shear bonding as compared to that at epoxy, which suggests a relatively strong interfacial bonding, control of the local stress concentration, and good compatibility of Ce 0.75 Zr 0.25 O 2 particles with the fiber interface. From the SEM observations, it appears that the nanocomposites possess better interfacial bonding than the conventional one. Finally, it is concluded that the influence of mixed metal oxide nanoparticle reinforcements indicates that the interfacial bonding between matrix/fiber enhances the final structure of the mechanical properties. 
Conclusions
